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ABSTRACT  Myogenesis in skeletal muscle is a cascade of
developmental events whose initiation involves the MyoD fam-
ily of transcription factors. Evolutionary analyses of amino acid
sequences of this family of transcriptional activators suggest
that the vertebrate genes MyoD1, myf-5, Myog (myogenin), and
myf-6 were derived by gene duplications from a single ancestral
gene. A common genetic origin predicts some functional re-
dundancy between MyoD1 and myf-5 and between Myog and
myf-6. Experimental studies have suggested that these pairs of
genes can substitute for each other during myogenesis. Sepa-
rate analyses of the conserved basic helix-loop-helix and
nonconserved flanking elements yield similar branching se-
quences but show evolutionary change in the basic helix-loop~
helix region has occurred at a much slower rate.

Evolutionary changes in development and morphology oc-
cur, in part, as a result of heritable changes in patterns of gene
expression. Because these changes are under transcriptional
control, the evolution of transcriptional activators may be an
important component in evolutionary change. We have ex-
amined the molecular evolution of the MyoD gene complex,
a small family of transcription factors involved in myogene-
sis. Myogenesis is a developmental cascade whose initiation
involves determination of multipotential mesodermal stem
cells to a myogenic lineage and their subsequent differenti-
ation into functional myocytes. This regulatory gene family
includes MyoDI (or myf-3) (1, 2), Myog (or myogenin and
myf-4) (3-6), myf-5 (7), and myf-6 (or herculin and MRFY5)
(8-10).

The MyoD complex is part of the basic helix-loop-helix
(bHLH) family of transcriptional regulators that control cell
type-specific transcription, proliferation, and transformation
(6). The bHLH family exhibits a highly conserved motif of
=~60 amino acids concerned with protein dimerization and
DNA binding. The basic region constitutes the DNA binding
motif and the contiguous helix-loop-helix region is a dimer-
ization motif permitting multimerization with other bHLH
proteins. bHLH proteins have several common characteris-
tics. They form heterodimers with ubiquitously distributed E
proteins (which also belong to the bHLH family) and they
recognize a specific consensus sequence in DNA known as
the E box. In the myogenic lineage, the E box is present in
most skeletal-muscle-specific genes and in the other bHLH
transcription factors. In addition to the MyoD genes, the
bHLH family contains several gene complexes involved in
cell determination and differentiation. These include achaete-
scute (neurogenesis), twist (mesoderm formation), daughter-
less (sex determination and peripheral nervous system for-
mation), and myc (protooncogenes).

Reports on Caenorhabditis elegans (11), sea urchin (12),
and Drosophila (13) indicate that only a single member of the
MyoD gene family occurs in invertebrates. However, there
are four separate skeletal muscle regulatory genes with
overlapping functions in vertebrates. When transfected into

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked ‘‘advertisement’
in accordance with 18 U.S.C. §1734 solely to indicate this fact.

11522

fibroblasts, each of the four transcription factors in the
vertebrate MyoD family can activate the complete myogenic
program of gene expression, converting cultured fibroblasts
to skeletal myocytes (6, 14, 15). Further, the genes autoreg-
ulate and cross-activate each other in vitro (6, 14-18). In
contrast, some long-term muscle cell lines only express
subsets of the MyoD family (19) and do not cross-activate.
During embryogenesis, each gene is apparently activated at
a slightly different time (17). In primary muscle cultures,
members of the MyoD family activate the complete myogenic
program in a defined sequence producing multinucleate my-
otubes with fully assembled contractile apparati in a manner
indistinguishable from primary myocytes (20). In some cell
lines, on the other hand, only subsets of muscle-specific
genes may be transiently expressed (6).

METHODS AND MATERIALS

To gain a better understanding of the developmental roles and
consequences of these genes in myogenesis, we examine the
evolutionary relationships among 29 amino acid sequences of
the MyoD gene family from 12 species. The sequences were
aligned using the cLUSTAL multiple alignment computer
program (21) followed by manual correction by eye. Genetic
divergence among aligned sequences is expressed as pair-
wise genetic distances defined as the proportion of amino
acids by which any two sequences differ (gapped positions
excluded). A neighbor joining tree (22) was computed to
summarize the evolutionary relationships among sequences
and the results were analyzed using the bootstrap method to
provide confidence levels for the tree topology (23). This was
done for the complete sequence, the bHLH sequence alone,
and the complete sequence minus the bHLH region.

RESULTS

The neighbor joining tree for the MyoD gene family is given
in Fig. 1. Table 1 provides some representative genetic
distances between selected sequences. There is little simi-
larity between invertebrate and vertebrate species and it was
not possible to align them except in the region of the bHLH
motif. Over the entire sequence, the average proportional
differences between invertebrate and vertebrate amino acid
sequences among all genes (26 comparisons) are 56% for sea
urchin, 63% for Drosophila, and 70% for C. elegans.

Fig. 1 appears statistically reliable because only 6 of the 26
clades have bootstrap values less than 95%. A low bootstrap
value may occur where the tree appears incorrect. For
example, Myf5 in Xenopus diverges after, rather than before,
the bird lineage, and this arrangement has a bootstrap value
of only 83%, suggesting it is not statistically well supported.
An important exception occurs in the MyoDI lineage where
mammals diverge first rather than last, yet the bootstrap
value is high (>95%). This implies that another gene dupli-
cation has occurred; however, supporting evidence in the
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FiG.1. Neighbor joining tree of the MyoD family of myogenesis transcription factors. Leg lengths given along branches refer to the number
of amino acid replacements per 1000 residues while the bootstrap values are given at the nodes. Bootstrap values >95% are given as asterisks
(*). Instances of proven paralogy during evolution are shown by a solid diamond symbol at a particular node. Instances of inferred paralogy
are shown by an open diamond. The length of the aligned sequences is 392 residues. The average number of gapped residues is 21. Distances
were calculated ignoring gapped positions. The heavier lines relate to discussions about gene duplications (22). The taxonomic entities for the
various codes are chicken (Gallus gallus), mouse (Mus musculus), quail (Coturnix coturnix), rat (Rattus norvegicus), sea urchin (Lytechinus
variegatus), cow (Bos taurus), salmon (Oncorhynchus mykiss), sheep (Ovis aries), human (Homo sapiens), cel (Caenorhabditis elegans), and

fly (Drosophila melanogaster).

form of the other duplicated gene of the pair has not yet been
found.

Fig. 1 suggests that a single ancestral myogenesis tran-
scription factor initially split into two lineages early in the
evolution of vertebrates. MyoDI and myf-5 evolved from one
of these vertebrate lineages while the second lineage pro-
duced Myog and myf-6. Thus, MyoDI1 and myf-5 arose from
a common gene as did Myog and myf-6. One possible
outcome of such a pattern of evolution by gene duplication in
the MyoD family is that MyoD1, myf-5, Myog, and myf-6 may
have preserved some redundancy in function. Instances of
proven and inferred paralogy (homology by gene duplication)
are indicated in Fig. 1. Paralogy is proven each time two
genes from the same taxon trace back to a different node; it
is inferred whenever a statistically well-supported clade (a
monophyletic subtree) implies a relationship grossly at odds
with well-substantiated biological opinion.

In humans, MyoD! and Myog are located on human
chromosomes 11 and 1, respectively, while myf-5 and myf-6
are located on chromosome 12 with their translational start
codons only 8.5 kb apart (4, 5, 18). In spite of their close

physical proximity, Fig. 1 indicates that myf-5 and myf-6 are
not each other’s closest relatives and, thus, probably did not
arise simply by tandem duplication. If they did arise by
tandem duplication, then at least two of the genes have
migrated away from the tandem duplication site to other
chromosomes and the flanking sequences have accumulated
sufficient substitutions to destroy any evidence of such
duplications. Thus, three duplication events probably oc-
curred that successively increased the number of paralogous
genes from one to two to three to four MyoD family genes.
However, there is a little evidence favoring a scenario of two
rather than three tandem duplications with gene numbers
going from one to two to four MyoD family genes. (i) Fig. 1
shows that first split (duplication) divides the four lineages
two and two not one and three. (ii) The distances from the
node showing the first duplication (having an 87 to its right in
Fig. 1) to the other two duplications are nearly equal (18- and
20-amino acid replacements), indicating that the duplications
could have occurred simultaneously, producing four genes
from two. The numbers 18 and 20 come from the multipli-
cation of 45 and 52 replacements per 1000 sites on Fig. 1 by
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Table 1. Some representative distances between myogenesis transcription factors

Proportion of amino acids that differ

Xeno- Chick- Mouse- Chick- Mouse- Chick- Mouse- Chick- Mouse- SeaU- Fly- Cel-

MyoD1 MyoD MyoD Myfs MyfS Myf6 Myf6 Myog Myog MyoD MyoD MyoD
XenoMyoD1 — 0.05 0.07 0.14 0.12 0.21 0.21 0.24 0.21 0.22 0.16 0.26
ChickMyoD 0.21 — 0.05 0.09 0.07 0.22 0.22 0.24 0.22 0.22 0.14 0.26
MouseMyoD 0.30 0.31 — 0.12 0.12 0.22 0.22 0.24 0.22 0.22 0.16 0.28
ChickMyf5 0.48 0.47 0.44 —_ 0.02 0.21 0.21 0.24 0.24 0.22 0.17 0.29
MouseMyf5 0.45 0.44 0.46 0.31 — 0.22 0.22 0.24 0.24 0.24 0.17 0.29
ChickMyf6 0.55 0.56 0.58 0.56 0.52 — 0.00 0.17 0.17 0.21 0.21 0.28

MouseMyf6 0.58 0.59 0.62 0.57 0.53
ChickMyog 0.60 0.61 0.61 0.58 0.58
MouseMyog 0.60 0.60 0.59 0.55 0.56
SeaUMyoD 0.55 0.55 0.56 0.53 0.54
FlyMyoD 0.64 0.64 0.67 0.60 0.57
CelMyoD 0.69 0.69 0.71 0.72 0.68

0.17 — 0.17 0.17 0.21 0.21 0.28
0.50 0.48 — 0.02 0.24 0.26 0.31
0.50 0.48 0.25 — 0.24 0.26 0.31

. . 0.55 — 0.16 0.22
0.63 0.62 0.66 0.65 0.53 —
0.71 0.70 0.68 0.70 0.66 0.71 -

Table elements are the proportion of amino acids that differ between pairs of sequences. The elements below the diagonal are the differences
between the full sequences (392 amino acids). Standard errors for the full sequence distances are ~0.03 for all pairwise elements. Values above
the diagonal are the proportional differences between amino acid sequences for the bHLH motif only (59 amino acids). Standard errors for these
latter values are =0.06. SeaU, sea urchin; fly, Drosophila melanogaster; Cel, Caenorhabditis elegans; Xeno, Xenopus laevis.

392/1000, 392 being the length of the aligned sequences. The
probability of the split being 2 and 2 is roughly 0.2 because,
of the five branches on which the common ancestor of all four
lineages could occur [see Fig. 1 and the thickened branches
of lengths 84, 35, 105, 78, and (45 + 52)], only one of which
splits the taxa 2 and 2.

As noted above, the MyoD genes have the following two
components: (i) the highly conserved bHLH motif involved
in DNA binding and dimerization and (ii) the nonconserved
flanking region involved with transactivation. These two
components have different functions and, therefore, could
potentially be under different selection regimes. To explore
the possible effect of these two functions on evolutionary
reconstruction, we computed a pair-wise distance matrix for
the 59-amino acid bHLH motif and produced a neighbor
joining tree (Fig. 2). The most obvious feature of this tree is
that several species have identical bBHLH motifs for each
MyoD gene. Identical bHLH sequences occur in sheep, rats,
mice, and human for MyoDI, whereas mouse, human, and
chicken are identical for the bHLH component of Myog.
However, in spite of considerable sequence conservation,
the existing variation clearly depicts the invertebrate-
vertebrate dichotomy and preserves separate clades repre-
senting the four MyoD genes. This gene tree for the bHLH
component differs from Fig. 1 in several places within the
four lineages, possibly because of a limited amount of
change.

The neighbor joining tree of the 332-amino acid sequence
of the non-bHLH (flanking) regions is topologically identical
to that in Fig. 1 although the evolutionary rates of change in
the flanking regions are slightly faster due to removal of the
slowly evolving bHLH region. Thus, the two components of
the MyoD genes show similar patterns of evolutionary di-
vergence.

DISCUSSION

In vertebrates, skeletal muscle cells arise from mesodermal
structure called somites, which are balls of epithelial cells
with the potential to form dermis, cartilage, and muscle. The
portion of the somite closest to the epidermis differentiates
into the dermomyotome, which subsequently divides into the
dermatome (presumptive dermis) and myotome (presump-
tive muscle). Cells of the medial dermomyotome form axial
and back muscles. Cells of the lateral dermomyotome form
the intercostal, ventral abdominal, and limb musculature.
The myogenic genes have differential patterns of expres-
sion in the developing somites. In mouse, myf-5 mRNA is

expressed at the earliest time in the epithelial somite, fol-
lowed by Myog, myf-6, and later by MyoD RNAs, which are
expressed consecutively in the myotome (24-27). Surpris-
ingly, the pattern of expression of orthologous genes in avian
embryos is somewhat different from the mouse. For example,
MpyoD1 (gmf]) is the first myogenic gene to be expressed and
is present in the epithelial somite. This is followed by Myog
(gmf2) and myf-5 (qmf3) expression, which are first observed
in the dorsomedial portion of the somite (28) and later
throughout the myotome. However, these differences in
expression pattern between mouse and bird are less signifi-
cant if one considers MyoDI and myf-5 as a functionally
equivalent pair of genes with a common evolutionary origin.

The trees provide an explanation for phenotypes observed
after functional inactivation of myogenic genes. For example,
MyoD1 and myf-5 arose from a more recent common gene,
which suggests that they are more closely related and,
therefore, might more readily substitute for one another in
muscle development. Experimental support for the idea that
MyoDI and myf-5 may be functionally similar with respect to
muscle formation comes from mice carrying null mutations in
either gene. These mice have apparently normal skeletal
muscle, suggesting that either MyoDl or myf-5 alone is
sufficient to produce muscle differentiation (29, 30). This is
consistent with the possibility that the two genes have
overlapping functions in myogenesis and may substitute for
each other. Alternatively, they both could be required for
differentiation of different subsets of precursors, but the loss
of one may be compensated by proliferation of the other.
When MyoDl is absent, there is a 3.5-fold increase in the
amount of myf-5S mRNA (31), suggesting some up-regulation
of myf-5 in the absence of MyoDI. However, the myf-5
knock-out mice die of severe rib deficiencies and malforma-
tions, whereas the MyoDI knock-out mice are viable. Thus,
the two genes cannot be completely functionally interchange-
able. One would predict that loss-of-function of both MyoDI
and myf-5 would produce a severe phenotypic effect. Indeed,
mice carrying null mutations at both MyoD! and myf-5 are
completely devoid of any skeletal muscle (31).

The evolutionary analyses also suggest overlapping func-
tions for Myog and myf-6. Mice lacking Myog have many
muscle precursors that are blocked from fusing and forming
muscle fibers (32, 33); however, when transfected with high
levels of MyoD1, fibroblast cells from myogenic mutant mice
can differentiate into normal muscle, suggesting a transcrip-
tion factor other than myogenin can induce muscle differen-
tiation (33). Thus, MyoD1/myf-5 may be expressed earlier in
the myogenesis cascade than Myog/myf-6. The temporally
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show no differences in bHLH sequence.

distinct expression patterns of myogenin and MyoDI in
muscle precursor cells may partially explain the more severe
phenotypic effects of knocking-out Myog alone compared
with MyoD] alone. During normal development, MyoDI may
be turned off before Myog/myf-6 is required. Thus, in the
Myog knock-out mice, there may be insufficient spatiotem-
poral overlap for the endogenous levels of MyoDI to rescue
muscle differentiation when later expressed genes like Myog
are functionally perturbed. An important test of the redun-
dancy of Myog and myf-6 would be to transfect the mutant
cells with myf-6 to see whether this can rescue the myogenic
differentiation program.

bHLH proteins may be important in determining cell fate
and/or differentiation in a number of developmental systems;
for example, a number of bHLH DNA binding proteins,
including achaete, scute, asense, and lethal of scute, are
involved in differentiation of the neuronal lineage in Dro-
sophila. There are some interesting similarities between
bHLH genes involved in vertebrate myogenesis and Dro-
sophila neurogenesis (34). Ectopic expression of any of the
four genes of the achaete-scute complex results in ectopic
neurogenesis. Furthermore, these genes exhibit distinct but
overlapping patterns with other related genes. In addition,
members of the achaete-scute complex utilize ubiquitous
cofactors as both positive and negative regulators, as do the
myogenic bHLH genes. Furthermore, there appears to be
cross-regulation between different bHLH genes in both fly

neurogenesis and vertebrate myogenesis. Thus, the bHLH
motif may be a reiterated theme in development, perhaps
arising from a common ancestral gene component.

A model of vertebrate myogenesis proposed by Jan and Jan
(34) suggests that the cascade of regulation by bHLH proteins
in myogenesis may be quite similar to that occurring in
Drosophila neurogenesis. In the case of neurogenesis, there
is a hierarchy of bHLH function such that achaete and scute,
which are very similar in sequence and function, regulate
another homologous pair, asense and deadpan. For myogen-
esis, both MyoDI and myf-5 show overlapping functions by
inducing muscle precursor cells (undifferentiated mesoder-
mal cells) to undergo differentiation. Their target genes,
Myog and myf-6, are expressed later in myogenesis and may
function to maintain this differentiated state. This model is
consistent with our phylogenetic results which shows that
MyoD1, myf-5, Myog, and myf-6 evolved from common gene
lineages. Thus, no single member of the bHLH family
functions as a master regulator in either vertebrate myogen-
esis or Drosophila neurogenesis. Rather, a group of proteins
have evolved that may work in concert to provide genetic
control of a developmental cascade.
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